Benzodiazepines exert their anxiolytic, anticonvulsant, muscle-relaxant and sedative-hypnotic properties by allosterically enhancing the action of GABA at GABA A receptors via their benzodiazepine-binding site. Although these drugs have been used clinically since 1960, the molecular basis of this interaction is still not known. By using multiple homology models and an un biased docking protocol, we identified a binding hypothesis for the diazepam-bound structure of the benzodiazepine site, which was confirmed by experimental evidence. Moreover, two independent virtual screening approaches based on this structure identified known benzodiazepine-site ligands from different structural classes and predicted potential new ligands for this site. Receptor-binding assays and electrophysiological studies on recombinant receptors confirmed these predictions and thus identified new chemotypes for the benzodiazepine-binding site. Our results support the validity of the diazepam-bound structure of the benzodiazepinebinding pocket, demonstrate its suitability for drug discovery and pave the way for structure-based drug design. GABA A receptors (GABA A Rs) are the major inhibitory transmitter receptors in the brain and the site of action of a variety of pharmacologically and clinically important drugs, such as benzodiazepines, barbiturates, neuroactive steroids, anesthetics and convulsants 1 . These receptors are chloride ion channels composed of five subunits that can belong to different subunit classes. A total of 19 GABA A receptor subunits (α1-6, β1-3, γ1-3, δ, ε, π, θ, ρ1-© 2012 Nature America, Inc. All rights reserved. * margot.ernst@meduniwien.ac.at. author contributions L.R., W.S., G.F.E., I.J.P.d.E., C.d.G. and M.E. contributed to the design and evaluation of experiments. Docking and virtual screening experiments were performed by L.R. (supervised by G.F.E.) and C.d.G. GABA A R models were generated and evaluated by M.E. and M.M. Radioligand and electrophysiological experiments were performed by Z.V. The manuscript was written by W.S., L.R., G.F.E., I.J.P.d.E., C.d.G. and M.E., and all authors commented on and helped to revise the text.
3) have been identified in mammalian brain. The majority of GABA A Rs are composed of one γ-, two β-and two α-subunits. The two GABA-binding sites of these receptors are located extra-cellularly at β-α interfaces (Fig. 1a) . Classical benzodiazepines, such as diazepam, predominantly exert their action via GABA A Rs composed of α1βγ2, α2βγ2, α3βγ2 and α5βγ2 subunits and are known to bind at the extracellular α-γ interface 2 (Fig.  1b) . Owing to the lack of high-resolution structural data for this important drug-binding site, however, a consensus binding-mode hypothesis explaining all of the experimental data is still lacking.
GABA A Rs, together with nicotinic acetylcholine receptors (nAChRs), glycine receptors and serotonin type 3 receptors, are members of the cysteine-loop receptor superfamily. Although so far no crystal structure of a GABA A R is available, a variety of crystal structures from a functional and structural homolog of the ligand-binding domain of cysteine-loop receptors, the acetylcholine-binding protein (AChBP), and more recently from the nAChR and bacterial homologs thereof, is available 3 and demonstrates a high structural conservation within this receptor superfamily. Some of these structures have served as templates for protein homology models and docking studies that have yielded controversial binding-mode hypotheses for various benzodiazepines [4] [5] [6] [7] [8] . However, because of their low sequence identity of <20%, different members of the superfamily have appreciable variability in local interface and pocket structure 3 . To overcome this problem, we constructed multiple homology models of the GABA A R from a variety of structural templates to broadly sample the benzodiazepine-pocket geometry. We then developed a workflow that, in contrast to automated ligand-supported modeling approaches 9 , did not rely on energetic scoring functions. This workflow allowed unbiased selection and refinement of those models best suited to describe a diazepam-bound state as well as evaluation of several thousand docking poses of diazepam and its close structural analogs. The procedure yielded a binding mode for diazepam and analogs that is convincingly supported by experimental evidence. Using this binding hypothesis in a virtual screening of a large compound library, we identified new allosteric modulators of GABA A Rs acting via the benzo diazepine site, thus confirming their suitability for drug discovery and structure-based drug design.
RESULTS

Computational modeling and docking
To account for the substantial variability in local interface and pocket structures 10 of cysteine-loop receptor family members, we constructed a total of 37 homology models of the GABA A R derived from eight distinct structural templates (Supplementary Methods, Supplementary Table 1 Tables 3 and 4 and Supplementary Fig. 3 ) using the software package FlexX 11 . FlexX and other docking algorithms are able to explore the conformational space sufficiently well to generate correctly docked poses, but they often fail in ranking the correct poses on top. Furthermore, the binding-mode prediction accuracy of scoring functions is target dependent 12 . We therefore evaluated the 100 top-scoring poses (FlexX score), thus ensuring that correct poses were retained. We then eliminated homology models that predominantly provided poses with poor lipophilic interaction for ligand features L1 and L3 (Fig. 1c ) of the diazepam structure or featured no simultaneous ligand contacts with α1 and γ2 subunits. For the remaining 14 models, we extended docking to multiple ligands (1, 3-5, 8, 9; in M conformation in Fig. 1c ) and used the docking protocol FlexE 13 to enable the flexibility of those amino acid side chains that have been shown to be important for ligand recognition 2 and/or constitute the main steric determinants of the binding site. By applying the abovementioned criteria for each ligand docked, we further reduced the number of homology models. The three best-performing models were based on Protein Data Bank (PDB) entries 2BYQ 3 (Aplysia californica AChBP, epibatidine bound), 1UW6 (ref.
3) (Lymnea stagnalis AChBP, nicotine bound) and 2QC1 (ref.
3) (mouse nAChR, α1 subunit, α-bungarotoxin bound). To improve conformational sampling, we further increased the flexibility of these three models by considering additional rotamers of amino acid side chains in direct contact with pocket-defining residues, especially at the crowded subunit interface between loops A and B. This resulted in three additional models (Supplementary Scheme 2).
Subsequently, we docked ligands 1-9 (Fig. 1c) into the six final models (Supplementary  Table 3 ) using the FlexE protocol. We then performed an energy minimization of all poses and calculated the L1 and L3 interaction strengths. Of the 4,997 energy-minimized poses, we retained 1,463 with L1 and L3 interaction strengths above the median value. These poses still sampled a wide variety of putative binding geometries for smaller ligands such as diazepam and flunitrazepam. Ligands with bulky substituents (Fig. 1c; 4-9 ) assumed more restricted poses. Thus, by using only lipophilic interaction strength as our selection criterion, we retrieved a set of poses in which all of the binding modes compatible with the sampled pocket topologies were still present.
Binding-mode search
To compare binding modes in different templates, we threedimensionally aligned the ligandprotein complexes on the basis of the conserved domains of the α-and γ-subunits of their benzodiazepine-binding pocket. Then, we identified similar binding modes through cluster analysis (Supplementary Scheme 3) after computing the r.m.s. deviation values of the ligands' common atom positions 14 between each pair of poses and storing them as a matrix. Cluster analysis then produced groups of poses with small differences in r.m.s. deviation. By allowing 2-Å scatter around each centroid pose, thirty clusters, each comprising a group of similar binding modes, emerged ( Supplementary Figs. 4 and 5 ).
Common binding-mode screen
To define candidate geometries representing a common binding mode (CBM), we split the docked ligands ( Fig. 1c and Supplementary Table 5 ) into mandatory 'core ligands' ( Fig. 1c; 1-5), and 'accessory ligands' ( Fig. 1c; 6-9 ). Core ligands have very similar chemical structures, affinities, efficacies and patterns in their response to mutation, suggesting tightly overlapping bound-state geometries. Although this assumption is not necessarily true in each case, it is the basis of all rational hit-optimization efforts and (quantitative) structure-activity studies. Additionally, we also considered compound 5 'core', not as a ligand but as affinity chromatography bait (Supplementary Fig. 6 ). Accessory ligands should also bind in a similar binding mode as the core ligands, but they either do not share all pharmacophore features with diazepam or, because of steric requirements, may induce some-what different conformations of the binding site. Only three of the clusters contained all of the mandatory core ligands and were thus further considered as CBMs (Supplementary Scheme 3).
For these three clusters, we extended the measure of 'binding-mode similarity' to include not only the orientation of the ligand's common substructure but also the pocket atoms interacting with this substructure. The resulting 'bound-complex r.m.s. deviation' value describes the similarity of ligand-pocket interaction patterns. By clustering the boundcomplex r.m.s. deviation values, we finally extracted the most homogenous subsets of poses from each parent cluster, resulting in CBM candidates CBM I, CBM II and CBM III ( Supplementary Fig. 7 ) contains the highest number of poses of core and accessory ligands and is more homogeneous in terms of ligand overlap (small average r.m.s. deviation distance to centroid) than the other putative binding modes ( Fig. 2 and Supplementary Table 9 ).
Analysis of all types of ligand interactions with pocket residues indicated that not all of the poses of a given CBM feature all interactions. Whereas in particular the highly rotamersensitive hydrogen bonds fluctuate considerably, major lipophilic interactions are present in most poses and are CBM defining. CBM I is the only pose pool in which both of the lipophilic L-features (Fig. 1c) and hydrogen bonds of all of the core ligands are matched. CBM II fails to provide a consensus H1 hydrogen bond (Fig. 1c) , and CBM III has a very heterogeneous L-feature pattern (Supplementary Tables 6 and 9).
A comparison of the crystal structures of ligand-bound members of the cysteine-loop receptor family indicated that the positions of large side chains within the binding pocket seem to be well conserved. Notably, the positions of CBM I α1 Tyr159 and α1 Tyr209, the key residues defining its L1 pocket (Fig. 2) , are similar to those of homologous residues of the ligand-bound complexes of both AChBP and nAChR, even though we kept all large side chains in the pocket flexible during docking ( Supplementary Fig. 8 ).
Subjecting all poses from the five core ligands used for the CBM screen to two scoring functions 15, 16 indicated that 13 of the 50 top ten scoring poses were located in CBM I, none were in CBM II and one was in CBM III. The remaining top-scoring poses were distributed randomly across the other 27 clusters (Supplementary Table 9 ).
Validation of binding modes by experimental evidence
The correct binding mode must be supported by experimental evidence. When flunitrazepam was used as a photolabel for the benzodiazepine-binding pocket, covalent modification of α1 His101 (loop A) was observed 17 . Similarly, when covalent labeling of various cysteines engineered into the benzodiazepine pocket was investigated with compound 10 (Fig. 1c) , which carries a cysteine-reactive isothio cyanate at a position equivalent to that of the nitro group in flunitrazepam, irreversible labeling and permanent modulation of receptors containing the α1 H101C mutation was reported, suggesting that the active state was captured 18 . CBM I (Fig. 4) and CBM II allow such covalent labeling, whereas CBM III does not ( Table 1 ).
Receptors that contain the α1 H101R mutation have a drastically reduced affinity for classical benzodiazepines such as flunitrazepam. Compounds lacking the pendant phenyl ring, such as flumazenil, tolerate this mutation 19 , possibly suggesting an interaction of α1 His101 with the pendant phenyl ring. Alternatively, the loss of flunitrazepam binding in the α1 H101R mutant could reflect an unfavorable steric interaction with arginine 7 . However, having a cysteine in this position 20 results in a loss of affinity for flunitrazepam by a factor of 200, whereas glutamine leads to a loss of affinity by a factor of only 15. These findings were interpreted as evidence for a strong aromatic or hydrophobic interaction between the pendant phenyl ring (L3) of flunitrazepam and α1 His101 (ref. 20) . Such an interaction is present in CBM I (Figs. 2 and 3) , in which α1 His101 is an essential part of the pocket accommodating L3, and to a lesser degree in CBM III but not in CBM II.
The loop C mutation α1 Y209A, though producing a near wild-type GABA response, leads to a decrease in binding affinity both for diazepam (by a factor of 40) and the imidazobenzodiazepine flumazenil (by a factor of 41) ( Fig. 1c; 11 ) 21 . This suggests that α1 Tyr209, in contrast to α1 His101, provides an essential interaction with a structure common to diazepam and flumazenil. In CBM I, the L1 pharmacophoric feature common to both compounds forms a strong aromatic interaction with α1 Tyr209 (Fig. 4a,b) . Notably, the imidazobenzodiazepine Ro15-4513 ( Fig. 1c; 12) , which is structurally similar to flumazenil, photolabels α1 Tyr209 (ref. 22) (Fig. 4b) . More recently, a derivative of Ro15-4513, in which the azido group has been replaced by an isothiocyanate group ( Fig. 1c; 13) , has also been shown to react with several engineered cysteines in the α-subunit 23 . Only CBM I is fully consistent with the reaction patterns of both studies (Fig. 4b ) and with the additional reaction of compound 13 with the α1 H101C mutant, which was interpreted as strong evidence for an overlapping binding mode of diazepam and flumazenil 23 . Together, these results suggest that only CBM I can provide a single structural hypothesis for all of these covalently incorporated derivatives of diazepam, flunitrazepam and flumazenil.
Compounds with a pendant phenyl ring suffer an affinity loss in the loop D γ2 F77Y mutant, which is relatively less pronounced (by a factor of 250) for diazepam but is much stronger in diazepam analogs with chlorine substituents (monochlorodiazepam, by a factor of 530; dichlorodiazepam (Fig. 1c) , by a factor of 700 (ref . 24)) that decrease the flexibility of the pendant phenyl ring. Thus, γ2 Phe77 has been proposed to interact with the pendant phenyl ring of diazepam and its analogs 24 . CBM I features precisely this interaction and has a sufficiently narrow L3 pocket, defined mostly by γ2 Phe77 and α1 His101, to possibly cause steric problems when phenylalanine is replaced by tyrosine. Diazepam might be able to accommodate to the loss of space by its pendant phenyl ring adapting another rotational state ( Fig. 3) that is probably not possible for its more rigid analogs. Neither CBM II nor CBM III offer interactions consistent with these findings.
Other mutations in γ2 Phe77 have subtle effects on the affinities of diazepam and flumazenil. The point mutation γ2 F77L is tolerated well by both ligands, whereas γ2 F77I leads to a loss of affinity for flumazenil by a factor of 2,000 but to a loss of affinity for diazepam 25 or Ro15-8670 by a factor of only 4-5 ( Supplementary Fig. 9a,b) . Docking of flumazenil into the final models indicated that flumazenil, much like Ro15-8670, can be accommodated in all three CBM geometries, thus supporting the postulated CBM between diazepam and flumazenil 23 by direct docking. The CBM I pose (Fig. 4b ) features a strong hydrophobic interaction between γ2 Phe77 and flumazenil. After replacement of phenylalanine with leucine in our flumazenil-bound wild-type CBM I structures, both the hydrophobic interaction and local ligand burial of flumazenil are reduced, although the pocket structure tolerates the point mutation without detectable unfavorable interactions. When isoleucine replaces phenylalanine, the loss of hydrophobic interaction and ligand burial are much more pronounced. In addition, steric clashes are observed and thus suggest that this mutation would induce local rearrangements in the pocket involving both subunits. CBM I structures are thus fully compatible with experimental data on the F77X mutants.
Several other experimental findings, such as the importance of α1 Tyr159 (loop B) for the action of diazepam, flunitrazepam and flumazenil 23, 26 or of subtle effects of the α1 T206V substitution in loop C for the potency of diazepam and Ro15-8670 (ref. 24) , together can only be explained by CBM I and suggest a close approximation between the ester group of Ro15-8670 (8) and α1 Thr206 (Table 1 and Supplementary Fig. 9a,c) . This conclusion is supported by the effects of α1 S205N substitutions on compounds with or without this ester group 27 as well as by covalent labeling of α1 S205C and α1 T206C mutants by a nitrazepam derivative carrying a reactive isothiocyanate in the seven-membered ring's 3C position 28 ( Fig. 1c; 14; also Fig. 4b ). Finally, other experiments indicated that the ester group of 3′-ester-substituted imidazobenzodiazepines must be located close to γ2 Ala79 (ref. 29) (Fig. 4b and Supplementary Fig. 9c ). All of these results are consistent with CBM I poses of these ligands (Table 1) and thus again support an overlapping orientation of benzodiazepines and imidazobenzodiazepines within the benzodiazepine binding pocket.
Alternative workflow leads to the same binding mode
To avoid the assumption of a common binding mode, we also subjected the initial pool of 30 pose clusters to an alternative workflow (Supplementary Scheme 3) and evaluated all poses by geometric restraints (distance between a pocket residue and a ligand atom) derived from experiments 2, 3, 7, 8, 10 and 11 cited in Table 1 . Only two clusters met all criteria at different cutoff levels for the selected distances. These two clusters are the parent clusters of CBM I and CBM II. When all poses were scored by two scoring functions as above, the group of poses containing CBM I once again emerged as a strong candidate.
Neither of the two approaches led to a single bound-state model. The bound-state hypotheses derived in this work represent groups of poses with some uncertainty associated with atomic positions and protein-ligand interactions. The pose groups derived from the CBM analysis are smaller and more homogeneous, as we used their interaction pattern in defining the binding mode (Supplementary Tables 6-8 ).
Retrospective validation of CBM I by virtual screening
If CBM I structures are indeed binding competent, they should be suitable for enriching other benzodiazepine-site ligands from different structural classes out of a library of decoy molecules. To investigate this possibility, we generated a 'validation' library in analogy to the directory of useful decoys (DUD) database 30 (Supplementary Scheme 4) by extracting 41 benzodiazepine-binding-site ligands from different structural classes from the literature (Supplementary Table 10 ). We property-matched decoys on the basis of the five terms used to construct the DUD database, plus net formal charge 31 . Thus, for each of the 41 ligands, we generated all protonation states near pH 7.0, resulting in 48 unique ligand protomers. For each of them, we created 50 decoy molecules that are physically similar but topologically distinct and thus should not bind the benzodiazepine site, resulting in a library of 2,400 decoys. After seeding the 48 unique ligand protomers into the decoy library, the resulting validation library was used for virtual screening using structure-based pharmacophore models. These we generated using the software program LigandScout 32 using bound-state complexes from all three CBM pools as our basis (Supplementary Fig. 10 ). We sorted the compounds in the validation library for those that best matched these pharmacophore models. In the sorted libraries, we computed 33 the enrichment of known binders in the top 0.5%, 1%, 2%, 5% and 10% for each CBM. CBM I performed much better than CBM II and CBM III (Supplementary Table 9 ), resulting in an enrichment over random selection of 24.8 when the top 0.5% was analyzed. With the exception of purely two-dimensional similarity searching, this screen outperforms those conducted with a ligand-based pharmacophore model and shape-based similarity search (Supplementary Table 11 ). Such enrichment factors are comparable to the average enrichment factors obtained for the 40 crystal structures of the original DUD database 30 , clearly indicating that CBM I complexes are sufficiently binding competent to identify known benzodiazepine-site ligands from different structural classes.
CBM I binding hypotheses predict new ligands
We then investigated whether CBM I-derived pharmacophore models ( Supplementary Fig.  10 ) can be used for the discovery of new ligands (Supplementary Scheme 5) . As a screening library we used the large DUD databank 30 , which contains 95,357 compounds and covers a large chemical space. After the screening run, we grouped the top 0.5% of compounds in the DUD screen according to their chemical scaffolds. Some of the compound classes in the top 0.5% were found to have anticonvulsive activity in animal models but were never investigated for a possible interaction with GABA A Rs. Representatives from four of these compound classes were commercially available and were tested for displacement of [ 3 H]flunitrazepam binding from mouse cerebellum membrane preparations (Table 2) .
In contrast to compounds 16-18, the 3-hydroxyoxindole 15 at a 10-μM concentration was able to inhibit [ 3 H]flunitrazepam binding to 18 ± 7% of the control values, indicating that it interacts with the benzodiazepine-binding site of GABA A Rs. This compound at 1-μM and 10-μM concentrations also significantly (P < 0.001) stimulated GABA-induced currents in recombinant α1β3γ2 receptors expressed in Xenopus laevis oocytes (Table 2) . Notably, the ligand-based screening approaches would have missed this new hit compound (Supplementary Table 12 ).
A subsequent similarity search revealed that other 3-hydroxyoxindoles were also present in the top 0.5%, four of which (15a-15d) were commercially available. To further increase the number of compounds for the follow-up study, we bought five additional analogs (15e-15i) not present in the DUD database. We then tested all nine additional 3-hydroxyoxindoles, as shown in Table 2 (Table 2) . We then characterized compounds 15b and 15, which had the highest potency for inhibition of [ 3 H] flunitrazepam binding (half-maximum inhibitory concentration (IC 50 ) values of 4.9 ± 1.5 μM and 3.8 ± 0.8 μM, respectively; Fig. 5 and Supplementary Fig. 11 ). Both compounds showed a dose-dependent stimulation of GABAinduced currents and shifted the GABA dose-response curve to the left. In addition, the effect of these compounds could be reduced by coapplication of 100 nM of the benzodiazepine-site antagonist flumazenil, indicating that the effect was at least partially generated by interaction with the benzodiazepine-binding site of these receptors. Flumazenil inhibited the effects of 15b more strongly than those of 15. The additional effect of these compounds in the presence of flumazenil might have been caused by their interaction with additional binding sites at these receptors 34 .
These data clearly indicate that 3-hydroxyoxindoles are unique modulators of GABA A Rs via the benzodiazepine-binding site. The structural novelty of this compound class is also reflected by the fact that the most similar known benzodiazepine-site ligand (Supplementary  Table 12 ) has a Tanimoto similarity of 0.56 (based on molecular access system (MACCS) keys).
Results obtained for this small data set indicate that an aromatic ring at R3 in combination with an unsubstituted nitrogen atom seems to be beneficial for biological activity. This idea is also supported by the orientation of compound 15b in the pharmacophore model, which shows a considerable overlap of substituent R3 with the pendant phenyl ring of diazepam and a hydrogen bond of the NH group to the backbone carbonyl of α1 Tyr159 (Fig. 5) . However, systematic studies have to be performed to get deeper insights into the structureactivity relationship and binding mode of this unique ligand class. Finally, whether this activity accounts for some of the previously reported anticonvulsive activity of this compound class 35 has to be clarified in future experiments.
In an alternative approach, we performed docking-based virtual screening studies (Supplementary Scheme 5) against the diazepam-bound (Fig. 4a ) and flumazenil-bound (Fig. 4b) GABA A R models (CBM I) used for generating the protein-based pharmacophore model ( Supplementary Fig. 10 ) 36 . To assess the robustness of the benzodiazepine-bindingsite models, we used a docking method (protein-ligand ANT system (PLANTS) 37 ) different from that used to derive ligand binding modes (FlexX) for virtual screening studies. To consider protein flexibility, we performed two independent docking simulations for each of the two benzodiazepine-pocket models: a 'rigid' docking run considering no side chain flexibility and a 'flexible' docking run allowing flexibility of the side chains of γ2 Thr142 (ref. 38 ) and α1 Thr206 (ref. 24) (important hydrogen bond-donating residues involved in ligand binding and activation). We used the original ligand poses of diazepam and flumazenil in the respective benzodiazepine-binding-site models to define reference interaction fingerprints (IFPs) for scoring the docking poses of an in-house library of 1,010 chemically diverse fragment-like molecules, as described previously 39 . The IFP scoring method determines ligand binding mode similarity to experimentally supported ligand binding poses (Fig. 4a,b) . IFPs have been used as an efficient alternative postprocessing method of docking poses 36, 39 to overcome target-dependent scoring problems 12 . We used seven different interaction types (negatively charged, positively charged, hydrogen bondaccepting, hydrogen bond-donating, aromatic face-to-edge, aromatic-face-to-face and hydrophobic) to define the IFP (Supplementary Table 13 ). We used the Tanimoto coefficient measuring IFP similarity with the reference ligand pose in the benzodiazepine-binding-site receptor model to score the docking poses of known actives and decoys. Normalized IFP scores (Z values) of the docking poses in the diazepam and flumazenil binding pocket receptor models were merged and ranked with respect to the normalized IFP score. We successfully used this docking-based virtual screening procedure to identify two new benzodiazepine-binding-site ligands from the 1,010 chemically diverse fragment-like molecules (Supplementary Scheme 5) 40 . From the top-ranked 30 fragment-like compounds, we selected 10 fragments, chemically dissimilar from known benzodiazepine-binding-site ligands, for radioligand binding assays. Two of these in silico hits, 19 and 20, inhibited Table 2 ). Remarkably, the new ligands are proposed to make the same interactions with the benzodiazepine-binding-site as diazepam and flumazenil 11, but most of the functional groups (hydrogen bond acceptors and aromatic ring systems) mediating these conserved interactions are located at positions different than those of the corresponding functional groups in the reference ligands (Fig. 4) . The newly identified chemical scaffolds (the MACCS Tanimoto similarity of 0.58 was the closest to any of the 41 benzodiazepinebinding-site ligands; Supplementary Table 12) illustrate the suitability of this molecular IFP approach for scaffold-hopping purposes 41 .
CBM I models are similar to the GluCl structure
After submission of this study, a nematode glutamate-gated chloride channel (GluCl) structure was reported (PDB code 3RIF) 42 . This cysteine-loop receptor features 28%, 35% and 29% sequence identity in the extracellular domain with α1, β2 and γ2 subunits, respectively, and thus it is clearly the template of choice for future studies. Careful analysis of this structure and homology models derived from it (Supplementary Table 4) indicated that our CBM I models indeed are more similar to the structure with PDB code 3RIF than the AChBP structures used in modeling and, more importantly, much more so than the models that we rejected through our workflow. This again highlights the validity of our approach.
DISCUSSION
In the absence of a crystal structure of the ligand-bound benzodiazepine-binding-site of GABA A Rs, protein homology modeling and computational ligand dockings are the only bases on which structure-based hypotheses for the interaction of benzodiazepines with their binding site can be formed. However, accurate prediction of membrane-protein structures and ligand interactions remains a challenge 43 and requires accurate modeling of structurally divergent regions and extensive use of experimental evidence, as shown recently in a community-wide G protein-coupled receptor structure-prediction assessment. Here we compensated for the local uncertainty resulting from structurally divergent regions of related cysteine-loop receptor family members by constructing a variety of homology models from different templates. We then exploited the given structure of diazepam and its derivatives to select those models best accommodating these compounds. To do so, we developed a workflow that allowed handling of multiple models and several thousand diazepam docking poses. The only selection criteria used were a reasonable lipophilic interaction with the hydrophobic parts of the diazepam structure as well as simultaneous contacts of diazepam with the α1 and the γ2 subunit of GABA A Rs. With the assumption that diazepam and its close structural analogs have a CBM within the benzodiazepine-binding pocket and by clustering of ligand poses according to a similar orientation of their common structure and according to similar interactions with pocket residues, we were finally led to three CBM geometries, CBMs I-III.
CBM I binding geometry and interactions are supported by a large variety of structural, computational and experimental evidence. Furthermore, CBM I can provide a single structural hypothesis for seemingly discrepant results obtained with various covalently incorporated compounds and supports the hypothesis that diazepam and the imidazobenzodiazepines Ro15-4513 or fluma zenil show a similar binding mode within the benzodiazepine pocket. Finally, CBM I can also explain subtle changes in affinity of various ligands for various amino acid substitutions. Taken together, this abundance of evidence indicates that CBM I is the correct binding mode of diazepam in the benzodiazepine-binding pocket.
Previous studies also featured docking poses of diazepam or its analogs. Overall, however, the conclusions remained contradictory. In one study 5 , a flunitrazepam orientation similar to the CBM III poses was reported. Another study 6 identified a diazepam pose vaguely similar to the CBM I pose, but apparently it had a very different interaction pattern owing to a different pocket topology. A pharmacophore-derived diazepam pose 4 is in a position intermediate between that of CBM II and CBM I. Most recently, binding modes vaguely resembling our CBM II were proposed based on modeling structures from a single template and covalently incorporated ligands 7 . In a study more concerned with zolpidem 8 , flunitrazepam poses featured the P conformation, which has been demonstrated to be inactive at the benzodiazepine-binding site (Supplementary Table 2) .
A correct structure, however, should also be able to accommodate other ligands of this site from different structural classes. Thus, by using structure-based pharmacophore models derived from CBM I, we identified 5 out of 41 benzodiazepine-site ligands from different structural classes within the top 0.5% of hits of a benzodiazepine-focused set of decoy molecules (validation library), and we found five additional compounds within the top 2% and eight more in the top 10% of compounds (Supplementary Tables 9 and 10) . Such enrichment factors, as well as the remaining false negatives (binders that are not ranked in the top range) are comparable to those obtained from docking into ligand-bound crystal structures 30 .
Virtual screening with the DUD database 30 identified not only additional known benzodiazepine-site ligands present in this database but also a variety of other anticonvulsive compounds that so far have not been associated with GABA A Rs. By investigating a commercially available subset for a possible interaction with the benzodiazepine-binding site of GABA A Rs, we identified several 3-hydroxyoxindole derivatives that were able to modulate GABA-induced currents in recombinant receptors via the benzodiazepine-binding site. Furthermore, in a complementary approach, docking-based virtual screening studies using a molecular protein-ligand IFP scoring method identified two additional new chemical scaffolds, which were proven active in [ 3 H]flunitrazepam displacement assays. These data further support the validity of our diazepam-bound structure of the benzodiazepine-binding site and demonstrate its suitability for structurebased drug discovery.
Further exploration of our in silico screening results presumably will identify additional new ligand classes for the benzodiazepine-binding site. Information from docking studies with other benzodiazepine-site ligands as well as molecular dynamics studies will identify the flexible and rigid parts of the pocket and define their ligand-pocket interactions as well as the mechanism of allosteric modulation of positive, negative and neutral interactors. The present structural models can also be used for modeling of the benzodiazepine-binding sites of other GABA A R subtypes, and docking of unselective and subtype-selective ligands into their binding sites will ultimately lead to appropriate structural hypotheses that allow lead optimization and fragment-based drug design. Finally, our structures can be used for the modeling of similar extracellular pockets of GABA A Rs 34 , again enabling lead optimization and drug discovery.
METHODS
Template characterization and preparation
Six AChBP structures (PDB codes 1I9B, 1UW6, 2BYN, 2BYQ, 2BYR and 2BYS) 3 and two nAChR structures (PDB codes 2BG9 and 2QC1) 3 were used as GABA A modeling templates (Supplementary Table 1 ) and structurally aligned with ProFit (http://www.bioinf.org.uk/ software/profit/). Only the extracellular domains of the structures with PDB codes 2BG9 and 2QC1 were considered, and both complete pentamers and individual subunits, reassembled into multitemplates, were used.
Alignment and model building
A multiple-sequence alignment with all templates' extracellular domains and the GABA A R α1, γ2 and β2 extracellular domains' sequences was constructed with clustalX 44 (Supplementary Scheme 1 and Supplementary Fig. 1 ). All templates were structurally aligned with secondary-structure matching 10 . Individual pairwise sequence-to-structure alignments between the GABA A R subunits and all template subunits were obtained from the Fugue server 45 . From these data, alignment variants of variable segments were constructed 46 , and homology models were built using Modeller. For the two subunits that contribute to the benzodiazepine-binding site, multiple template combinations were used to sample the structural variations in the templates.
Creation of input ligands
Seven 1,4-benzodiazepines and three 1,4-imidazobenzodiazepines were built in Molecular Operating Environment (MOE) version 2007.09 (http://www.chemcomp.com), using the M conformation of the seven-membered ring that is supported by experimental studies (Supplementary Table 2 and Supplementary Fig. 2 ).
FlexX docking
Diazepam was docked into all models using FlexX v2.0.3 (ref. 11). RING_MODE was set to 0 (constraining the ring conformation), and all other parameters were left in their default values. The pose output limit was set to 100 for each run for extensive conformational sampling.
FlexE docking
FlexE 13 allows protein flexibility through an ensemble of superposed protein structures where similar parts of the structures are merged and dissimilar areas are treated as separate alternatives. To prepare such ensembles, we explored the rotameric states of α1 His101, α1 Tyr159, α1 Val202, α1 Ser204, α1 Ser205, α1 Thr206, α1 Tyr209, γ2 Tyr58, γ2 Phe77 and γ2 Thr142 with the MOE tool Rotamer Explorer. In cases in which more than ten rotamers were obtained for a certain side chain, the ten most diverse rotamers were retained. Each benzodiazepine-binding-site ligand was docked into the ensemble structures of the corresponding homology models, generating 100 poses for each ligand. Finally, each ligandreceptor complex of the final pose pool was refined using the MOE tool LigX energy minimize. Lipophilic interactions of L1 and L3 both in docked and energy-minimized poses were calculated with the Scientific Vector Language (SVL)-exchange tool SCORING.SVL (http://svl.chemcomp.com).
CBM candidate selection
We defined the CBM of a molecular scaffold to require common orientation of the scaffold and common binding-site topology surrounding the common scaffold. Poses were superposed on the backbone atoms of the conserved protein segments using MOE to determine ligands' common scaffold r.m.s. deviation. The SVL-exchange script MOL_RMSD.SVL (http://svl.chemcomp.com) was used for the r.m.s. deviation computation of the common ligand scaffolds. Then, the Microsoft Excel add-in XLSTAT (http://www.xlstat.com) was used for hierarchical clustering of the r.m.s. deviation dissimilarity matrix using the WARD method.
All protein heavy atoms within 4 Å of any heavy atom of the molecular scaffold in more than 90% of all poses of the cluster were considered part of the binding site of the common scaffold. The identified atoms and the common scaffold were used for the calculation of the bound-complex r.m.s. deviation, which was used to cluster the poses to candidate binding modes within their parent cluster.
Evaluating covalent incorporation and mutagenesis data
Poses were considered to fit experimental data if the smallest distance between the atoms in any of the following combinations was <6 Å: (i) any atom of the nitro group (flunitrazepam) and any atom of α1 His101 (ref. 17) , (ii) the photoreactive nitrogen of the arylazido group (Ro15-4513) and α1 Tyr209 (ref. 22) , (iii) any atom of the ester moiety (Ro15-8670) and side chain atoms of α1 Thr206 or the C β of γ2 Ala79 (ref. 29) or (iv) the carbon of isothiocyanate (NCS)-substituted ligands and the sulfur of the respective cysteine mutant.
Generation and validation of pharmacophore models
Two structure-based pharmacophore models were created for each CBM, one derived from the top-scoring diazepam pose (pharmacophore D) and the other from the flumazenil pose, which showed the lowest bound-complex r.m.s. deviation from the diazepam-selected pose (pharmacophore F). Pharmacophore models were created using LigandScout 3.0 (ref. 32) (Supplementary Methods).
Validation library
For each of the 41 known benzodiazepine-binding-site ligands (Supplementary Table 10 ), protonation states near pH 7.0 were generated, resulting in 48 unique ligand protomers. For each of them, we created 50 decoy molecules that are physically similar but topologically distinct and thus should not bind the benzodiazepine site, resulting in a library of 2,400 decoys (Supplementary Methods). A conformational database was created with OMEGA v2.3.3 (http://www.eyesopen.com/omega) and screened against pharmacophore D and pharmacophore F using LigandScout 3.0. Hits of each pharmacophore model were sorted according to scoring value, and enrichment factors 33 were determined for the top 0.5%, 1%, 2%, 5% and 10% for each CBM.
Discovery library
To test the ability of the CBM I-derived pharmacophore model to identify new ligands, we generated three-dimensional conformations for the DUD 30 databank (using OMEGA v2.4.1 (http://www.eyesopen.com/omega) and screened the resulting database of 93,597 compounds against pharmacophore D and pharmacophore F using LigandScout 3.0 (ref. 32) . Compounds 15, 15a-15i and 18 were bought from Ambinter, and compounds 16 and 17 were bought from Asinex.
PLANTS docking and IFP scoring
PLANTS 37 speedup settings were used twice to generate 15 poses for each compound in two independent docking runs: one run considering no side chain flexibility and another run allowing flexibility of the γ2 Thr142 and α1 Thr206 side chains. The original ligand poses in the respective GABA A models were used to define reference IFPs, as described previously 36, 39 . The cavity used for the IFP analysis consisted of all of the residues within 5 Å of the reference ligand. Standard IFP scoring parameters 36 and a Tanimoto coefficient measuring IFP similarity with the reference ligand pose were used to rank the docking poses.
Experimental section
Recombinant GABA A Rs were expressed in X. laevis oocytes, and HEK cells and compound modulatory effects were investigated using the two-electrode voltage-clamp technique at a GABA concentration eliciting 3% of the maximum current 34 . Binding of compounds was investigated by [ 3 H]flunitrazepam displacement studies 47 in mouse cerebellar membrane preparations.
Supplementary Material
Refer to Web version on PubMed Central for supplementary material. (11) . As an additional feature we introduce H1′ to denote the interaction with the second lone pair of the carbonyl oxygen. More detailed information on the compounds can be found in Supplementary Table 9 ) is depicted for each CBM in panels d-f. Only poses of the defined ligands (Fig. 1c) were used for evaluation.
b
Interactions were calculated using SCORING.SVL.
